In the presence of poly-L-ornithine at I #g/ml, the uptake of PHI-labelled particles of tobacco rattle virus (TRV) by tobacco mesophyll protoplasts during inoculation depended on the virus and protoplast concentrations in the inoculation mixture. Uptake decreased 15-to 3o-fold in the absence of poly-L-ornithine. Substituting phosphate for citrate buffer in the inoeulum greatly increased infection but had little effect on virus uptake. For infections detected by staining with fluorescent antibody to virus particles, the IDs0 occurred at an uptake of 3o long TRV particles per protoplast using phosphate buffer, and 250 using citrate. Evidence was obtained that the phosphate-induced enhancement of infection is mediated through an effect on interaction of virus and poly-L-ornithine during pre-inoculation incubation. Batches of protoplasts differing in susceptibility to infection did not differ similarly in uptake of inoculum virus.
Uptake of Tobacco Rattle Virus by Tobacco Protoplasts, and the Effect of Phosphate on Infection
(Accepted 20 October I975) SUMMARY In the presence of poly-L-ornithine at I #g/ml, the uptake of PHI-labelled particles of tobacco rattle virus (TRV) by tobacco mesophyll protoplasts during inoculation depended on the virus and protoplast concentrations in the inoculation mixture. Uptake decreased 15-to 3o-fold in the absence of poly-L-ornithine. Substituting phosphate for citrate buffer in the inoeulum greatly increased infection but had little effect on virus uptake. For infections detected by staining with fluorescent antibody to virus particles, the IDs0 occurred at an uptake of 3o long TRV particles per protoplast using phosphate buffer, and 250 using citrate. Evidence was obtained that the phosphate-induced enhancement of infection is mediated through an effect on interaction of virus and poly-L-ornithine during pre-inoculation incubation. Batches of protoplasts differing in susceptibility to infection did not differ similarly in uptake of inoculum virus.
Electron microscopy of sections of freshly inoculated protoplasts revealed single TRV particles associated end-on with normal-looking plasmalemma, and aggregates that contained densely stained material plus TRV particles, associated with breaks in the plasmalemma, and adjacent to areas of intracytoplasmic vesiculation. Some aggregates entered the cytoplasm and some TRV particles entered the vesicles. The aggregates were on average smaller after inoculation with phosphate-containing than with citrate-containing inocula. It is suggested that mini-aggregates of the kind produced during incubation with phosphate play an important role in infection. INTRODUCTION In previous work we found that infection of tobacco mesophyll protoplasts by tobacco rattle virus (TRV) was greatly enhanced by substituting pH 6.0 phosphate buffer for citrate buffer in the virus inoculum (Kubo, Harrison & Robinson, 1974) . At this pH, the optimum phosphate molarity was o-o25 and the increase in infection was equal to that produced by a 25-to 5o-fold increase of virus concentration in the inoculum. Treating the protoplasts with phosphate either before or after virus inoculation did not increase infection and it was suggested that phosphate affected the interaction between virus particles and protoptast plasmalemma. In this paper we describe further aspects of the effect of phosphate on uptake of virus particles by protoplasts, and studies on interactions between components of the inoculum. scintillator containing 0"5 % PPO and o'o5 % POPOP was added and radioactivity was measured in an Intertechnique SL3o liquid scintillation spectrometer. Samples were counted for Ioo min; average background was 27.1 ct/min (standard error = 1"9 %).
To compensate for quenching effects, the sp. act. of the labelled virus was calculated from counts made in the presence of an extract of healthy protoplasts prepared in the same way as the infected samples. For further calculations it was assumed that the sp. act. of long and short particles were the same, and that the ratio of the numbers of each particle type that attached was equal to the ratio in the inoculum. The weight of a TRY long particle was taken to be 50 x Io 6 daltons, and that of a short particle to be I2 × IO 6 daltons.
Fixation, embedding and sectioning of protoplasts for electron microscopy. Protoplasts inoculated with mixtures containing Io/~g/ml TRV and I/~g/ml poly-L-ornithine were fixed for I h at 4 °C in 6 % glutaraldehyde solution containing o'7 M-mannitol and cacodylate buffer (o.I M-sodium cacodylate, 5 mM-calcium chloride, adjusted to pH 7.0 using hydrochloric acid). After three 30 min washes at room temperature in the cacodylate buffer, the protoplasts were post-fixed for I6 to ~8 h at 4 °C in o.2 ~o osmium tetroxide solution containing the buffer, and washed in distilled water. The protoplasts were sedimented at about IOO g for 30 s, the supernatant fluid was carefully removed, the tubes warmed, and the protoplasts suspended in 2 or 3 drops of molten I ~o agar at 38 °C. The tubes were then centrifuged at lOOO g for 3 to 5 rain, during which time the protoplasts sedimented to the bottom of the tube. After cooling, the agar supporting the pellet of protoplasts was cut into cubes of ~ to 2 mm3; these were dehydrated in a graded series of ethanol solutions, stained with 2% uranyl acetate in ioo% ethanol and embedded in Araldite. Sections showing silver/gold interference colours were cut using an ultramicrotome with tungsten-coated glass knives (Roberts, ~975) , stretched with a heat pen to remove cutting compression (Roberts, I97o) , post-stained with lead citrate and examined in a Siemens Elmiskop I or Philips EM3oIG electron microscope at 8o kV.
Formation of aggregates in inocula.
Aggregation reactions were examined by following the development of turbidity at 320 nm in a Pye Unicam SPI8oo spectrophotometer using io mm path-length silica cells and a water-circulating cell holder maintained at 25 °C. Reaction mixtures contained 20 #g/ml poly-L-ornithine and/or 20 #g/mI virus, these being the lowest concentrations at which reasonable sensitivity could be obtained. The extinction of the mixtures without poly-L-ornithine was measured first, and this value was subtracted from subsequent readings. The reaction was started by adding poly-L-ornithine, which has negligible extinction at 320 nm, and readings were taken at intervals thereafter. Table I gives the results of two experiments in which protopiasts were inoculated with various concentrations of radioactively labelled virus in citrate or phosphate buffer. Both experiments show that at any particular virus concentration there is no consistent difference between the numbers of particles taken up from inocula containing citrate or phosphate. However in the presence of phosphate, a larger proportion of protoplasts became infected and consequently the number of particles per infected protoplast was smaller.
RESULTS

Attachment of inoeulum virus to protoplasts
Comparison of the two experiments shows that in expt. B the protoplasts were more susceptible to infection, particularly in the presence of phosphate; the numbers of particles attached per protoplast infected were smaller than in expt. A. In expt. A the number of particles attached per stained protoplast was least at an inoculum concentration of o'04 * All inoculation mixtures contained I #g/ml poly-L-ornithine; protoplast concentrations were I '25 x io51 ml (Expt. A) and o'7 x ioS/ml (Expt. B). #g/ml. The increase at lower concentrations possibly reflects the larger proportion of protoplasts that are expected to be infected by long particles only, and which therefore would not be detected by staining with fluorescent antibody (Kubo et aL I975a) . This effect was not seen in expt. B, where the protoplasts were more susceptible to infection. Uptake of virus depended on the concentration both of virus and of protoplasts (Table 0 With citrate buffer, the two experiments gave a mean uptake of 1-24 % of the inoculum per Io ~ protoplasts/ml; with phosphate buffer the two experiments gave a figure of 1.32 %.
The logarithms of the numbers of long TRV particles retained per protoplast in expt. B, Table I were plotted against the percentages of infection (Fig. ~) . The plots are parallel straight lines for the two inoculum buffers between I5 and 75 % infection. The ID~o is at 3o long particles using phosphate and 25o using citrate. These figures represent the IDso for infections in which virus coat protein was produced, and therefore which were initiated by long plus short particles. The IDs0 for all infections in which infective TRV-RNA is made would be still smaller, but cannot be estimated by the methods used here.
The large effect of poly-L-ornithine on uptake of TRV is shown in Table 2 . Both with and without poly-g-ornithine the uptake using phosphate was slightly greater than that using citrate in the inoculum; poly-L-ornithine increased virus uptake by I5 to 3o times, and it increased infection by a still greater factor.
Electron microscopy of inoculated protoplasts
To obtain information on the uptake and fate of TRV particles that would comFlement the data from the experiments with radioactive virus, ultrathin sections of inoculated protoplasts were examined in the electron microscope. Samples taken (I) at the end of the Io rain inoculation period, (2) after two post-inoculation washes (3 o min after the start of inoculation) or (3) after incubating for an additional hour at 22 °C (9o min after the start of inoculation), were fixed, processed and sectioned. The inoculum containing citrate gave 35% infection of protoplasts and that containing phosphate gave 93 %, determined by fluorescent antibody staining 2 days after inoculation. Forty to ninety sections of protoplasts, selected at random in each sample, were searched for TRV particles. In all samples, some single virus particles were attached or were close to the outside of the plasmalemma (Fig. 2 to 4 ) whereas others were in various sized aggregates consisting mainly of amorphous or granular densely stained material ( . Single particle at plasmalemma 30 rain after inoculation using citrate. Fig. 3 and 4. Single particles at plasmalemma io rain after inoculation using phosphate. Fig. 5 and 6. Small floccules containing virus particles and associated with vesiculated cytoplasm at protoplast surface; Io min after inoculation using phosphate. Fig. 7 . Floccule close to protoplast surface io min after inoculation using phosphate. Fig. 8 and lo. Floccules at protoplast surface with adjacent vesiculated cytoplasm Io and 30 rain respectively after inoculation using citrate. Fig. 9 . As Fig. 7 , but 30 rain after inoculation using citrate. cytoplasm close to the plasmalemma ( Fig. I I) ; serial sections showed that these structures were not simply invaginations. No major differences were observed between the ~ o, 30 and 90 min samples. Virus particles were found associated with somewhat fewer protoplasts inoculated using citrate than using phosphate but the number of particles per protoplast profile was somewhat greater with citrate, so that the total amount of virus found was similar for the two buffers (Table 3) . Taking the mean section thickness as 70 nm and the mean protoplast diam. as 3o/zm, the number of virus particles per protoptast may be roughly estimated. The estimates obtained are much smaller than might be expected from the experiments on uptake of radioactive TRY, but this is not surprising because of the difficulty in identifying virus particles in sections with certainty unless the particles are sectioned nearly longitudinally, and the difficulty in discerning all the TRV particles in aggregates containing the densely stained material. The ratio of the numbers of long to short particles found in the sections did not differ greatly from that for the inoculum.
The virus particles associated singly with the plasmalemma were orientated more or less end-on to it, and included both long and short virus particles. There was no great difference in frequency of these particles when using citrate or phosphate in the inoculum, and no abnormalities in the plasmalemma were observed at the point of association.
The main feature of all samples was the occurrence of aggregates of virus and densely stained material at or near the protoplast surface (Fig. 5 to m) . The aggregates seemed to occur at breaks in the plasmalemma and to be attached to extruded cytoplasm. These lesions are equivalent to the 'type III lesions' found by Burgess, Motoyoshi & Fleming U973 a) to be produced by poly-L-ornithine-containing inocula of two other viruses but not by poly-L-ornithine-free inocula. Variable amounts of cytoplasmic vesiculation were associated with the lesions, and virus particles occurred in some of the vesicles. There was perhaps slight but inconclusive evidence of movement of virus-containing aggregates into the protoplast, because the virus-containing vesiculated regions seemed a little commoner in the 90 min than in the IO or 3o min samples. However some TRV particles were found in vesicles after IO min (Fig. II) and aggregates still occurred on the outside of protoplasts after 90 min. A consistent difference was noted between the lesions induced by the two kinds of inocula. With citrate, the virus-containing aggregates were on average larger than those with phosphate (compare some aggregates were the same size as those found after inoculation using citrate but most were much smaller and several consisted of only two or three TRV particles at the protoplast surface along with a little of the densely stained material. We suggest that the densely stained aggregates containing TRV and amorphous material are those formed when virus, poly-L-ornithine and buffer are mixed, and that these floccules were on average larger in the inoculum containing citrate than in that containing phosphate.
Effects of inoculum components during pre-inoculation incubation
It was shown previously that phosphate buffer did not increase infection when applied to protoplasts immediately before or after inoculation; it was effective only when it was a component of the inoculum (Kubo et al. ~974) . Further tests were made to find whether the phosphate was required during the 2o rain period of pre-inoculation incubation of the inoculum. In one type of experiment the inoculum, containing various concentrations of phosphate, was incubated for 2o rain and the phosphate concentration in all samples adjusted to o'o5 M immediately before inoculation; the protoplasts were washed after exposure to the inoculum for IO rain. Infection decreased with decrease in phosphate concentration during pre-inoculation incubation (Table 4 , expt. I and 2). The effect was still greater when the protoplasts were exposed to inoculum for only I min plus the time taken to sediment them out of the inoculum (total about 4 rain), a treatment intended to minimize interactions between inoculum components during inoculation itself ( 
I2
* Inoculum mixtures contained 0'2 #g/ml tobacco rattle virus, I #g/ml poly-L-ornithine and either o'oI M-citrate buffer (pH 6.o) or o-o25 M-phosphate buffer (pH 6.o). The mixtures indicated were incubated for 2o rain at 25 °C, and any missing component was added immediately before inoculation. Immediately after mixing with the inoculum, the protoplasts were sedimented and washed with o'7 M-mannitol.
I" Estimated by sampling 2 days after inoculation and staining with fluorescent antibody.
between inoculum components during pre-inoculation incubation. To find whether the interaction primarily involved buffer and virus or buffer and poly-L-ornithine, various pairs of inoculum components were incubated, and the third component added immediately before inoculation. The results (Table 5) indicate that virus and poly-L-ornithine are both involved in the interaction with phosphate that enhances infection. However, adding citrate immediately before inoculation was almost as effective as adding it at the start of pre-inoculation incubation. Motoyoshi et al. 0973a) reported that poly-L-ornithine precipitates cowpea chlorotic mottle virus, and that precipitation in preparations containing virus at 2 mg/ml and o.oI M-citrate buffer, pH 5"2, was optimal when poly-e-ornithine was at about twice the concentration of the virus. We find, however, that turbidity develops when poly-L-ornithine (2o ffg/ml) alone is added to either citrate or phosphate buffer at pH 6.o, to an extent that depends on the buffer concentration. The reaction was detected with citrate buffer at concentrations above 0"05 mu (Fig. I2a ) or with phosphate above I2"5 mM (Fig. I2b) . When TRV (2o #g/ml) was incubated with any of these buffers the turbidity did not increase with time. Also, virus at 2o/~g/ml had no effect on the development of turbidity in mixtures of poly-L-ornithine and citrate buffer, and only a small effect in mixtures of poly-L-ornithine and phosphate buffer (Fig. I2e) . However turbidity did develop when TRV and poly-Lornithine were mixed in distilled water. At the respective optimum concentrations for infecting protoplasts (Kubo et al. I974) , more turbidity developed in 5 raM-citrate than in 5o mu-phosphate irrespective of whether the mixtures contained TRY. In all these instances, the development of turbidity occurred in two parts; an initial very rapid reaction followed by a smaller, slower increase. Little or no further increase took place after 2o rain. The effect on optical density in the range 3oo to 5oo nm was typical of that caused by light scattering.
Development of turbidity during pre-inoculation incubation of inoculum
DISCUSSION
Our work has identified three factors that affect the amount of TRV taken up by a sample of protoplasts: (I) the presence of poly-L-ornithine; (2) the concentration of virus in the inoculum, and (3) the concentration of protoplasts in the inoculation mixture. These factors also affect the uptake by tobacco protoplasts of radioactive tobacco mosaic virus (TMV; Wyatt & Shaw, I975; Zhuravlev et al. 1975 ) and virus concentration affects that of radioactive cowpea chlorotic mottle virus (CCMV; Motoyoshi, Bancroft & Watts, I973b ) . In all three systems virus uptake is almost linearly related to virus concentration in the range we have studied, and we calculate that for all it is of the same order per IO 5 protoplasts/ml: o'4o% of the inoculum virus for TMV (Zhuravlev et al. 1975) and o.93 % for CCMV (Motoyoshi et al. I973b) , both using inocula containing o.oi M-citrate buffer of pH 5.2, and 1"24 % for TRV in citrate buffer of pH 6-o. However, Wyatt & Shaw (1975) found much larger and more variable amounts of TMV were retained at virus concentrations of I to Ioo/zg/ml. The effect of poly-L-ornithine on uptake of TRV is similar to that reported by Wyatt & Shaw (1975) for TMV, although only a two-to threefold increase was recorded for TMV by Zhuravlev et al. (1975) .
Although rather similar values were obtained with TMV, estimates of virus uptake based on infectivity (Takebe & Otsuki, 1969) or electron microscopy (Hibi & Yora, I972; Otsuki et aI. I972) are considered less accurate than those obtained using radioactive inoculum virus, because there are difficulties in assaying or observing by the first two methods all the particles that are taken up. The only previous estimate of attachment of radioactive virus to plant cells at the IDs0 is 38o particles of CCMV per tobacco protoplast (Motoyoshi et al. I973b) . We calculate the corresponding figure for TRV is 3 ° long and 85 short particles, using phosphate in the inoculum. In general, infection with TRV depends directly on the concentration of long particles in the inoculum (Harrison & Nixon, I959; Frost, Harrison & Woods, I967) , although joint infection with short particles is needed for virus replication to be detected using fluorescent antibody (Kubo et al. ~975a) . Infections caused by long particles alone were therefore not recognized in our experiments, so that the figure of 3 ° long particles attached per protoplast at the IDs0 is probably an overestimate. Even so, such a figure approximates to those obtained for the infection of cultured vertebrate cells by many vertebrate viruses, and although the efficiency of uptake of the vertebrate viruses from the inoculum is greater than of plant viruses this may be largely because vertebrate cells are often used during inoculation at greater concentrations than plant protoplasts.
In different experiments with TRV, the same inoculum caused different percentages of infection, probably because batches of protoplasts differed in susceptibility to infection. Such differences were not associated with differences in virus uptake per protoplast and are probably caused by a critical event or events subsequent to virus uptake.
Similarly, phosphate in the inoculum greatly increased infection but had very little effect on the amount of virus attached. However electron microscopy indicated that the virus-containing aggregates attached to protoplasts after inoculation are on average fewer but larger when the inoculum contains citrate than when it contains phosphate. We interpret the development of turbidity in mixtures of poly-•-ornithine and buffer and/or virus as reflecting the appearance of aggregates in the mixtures. The reactions of poly-L-ornithine with citrate and with phosphate are different in that the extent of the reaction depends not merely on the ionic strength, as would be expected for a salting-out effect, but also on the chemical nature of the buffer anions. This implies a direct interaction of anions and poly-Lornithine molecules, with binding of anions in the aggregates. At pH 6.0, TRV particles are also net anions and presumably interact with poly-L-ornithine in a similar way. Indeed turbidity develops when TRV particles are mixed with poly-L-ornithine in distilled water. When both buffer and virus are present, the data in Fig. 12c show that the extent of the aggregation is mainly determined by the buffer; however there may also be competition between buffer and virus anions for binding to poly-L-ornithine. Thus the choice of buffer for pre-inoculation incubation may affect not only the size and number of the aggregates, but also their virus content. The experiments in which the conditions of pre-inoculation incubation were varied show that the interaction of buffer, TRV and poly-L-ornithine at this time has a major influence on the probability of infection. Also, the time course of development of turbidity closely resembles the effect on infection of varying the period of pre-inoculation incubation of virus-containing mixtures (Kubo et al. I975a) .
In work with CCMV, the densely stained component of the aggregates observed by electron microscopy was found at the protoplast surface only when the inoculum contained poly-L-ornithine, and the virus particles were associated with this material (Burgess, Motoyoshi & Fleming, r973 a, b) as are those of TRV. We suggest that the densely stained material represents small aggregates or floccules produced by the reaction of buffer, poly-Lornithine and virus particles in the inocula. Whether virus in the floccules can initiate infection after attachment of the floccules to the protoplast surface is unclear, because s. KUBO AND OTHERS infection is much less common than attachment of TRV to protoplasts and a relatively rare type of interaction between virus and protoplast might be the important one for infection. Our electron microscope observations with TRV, unlike those with TMV (Otsuki et al. I972), did not produce evidence suggestive of pinocytosis and, although this cannot be excluded, it is tempting to speculate that infection is produced by virus from the floccules that attach to protoplasts. These floccules associated with and may have caused the breaks in the plasmalemma and vesiculation of the cytoplasm; some at least were taken up into the cytoplasm and some TRV particles from them entered the vesicles. The difference between inocula containing either phosphate or citrate might be simply that the larger floccules in citrate-containing inoculum contained on average about eight times as many virus particles as those in phosphate-containing inoculum and so the same amount of virus uptake involved about one-eighth as many floccules, and produced correspondingly fewer sites of infection. However, the critical difference between the fioccules might be more subtle and the possibility that phosphate also affects some event subsequent to attachment should not be forgotten. Further work is needed to test these ideas but it seems very possible that the mini-aggregates associated with small lesions in the plasmalemma play an important part in infection.
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